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ABSTRACT

Over the last decade atom transfer radical polymerization, ATRP, has become a
commonplace route by which tailored polymers can be synthesized. The advent of this
polymerization mechanism has enabled the controlled synthesis of block and multi-block
polymer systems that maintain a terminal bromine functionality that adds further
versatility to the synthesized polymers.
Additionally, in the last few years “click” chemistry has come to light as an
efficient method of selectively linking molecules under mild conditions (e.g. room
temperature and aqueous systems). In particular, the copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) reaction has become more and more popular, and provides
another route by which novel polymer architectures can be formed.
This thesis examines the combination of ATRP and click chemistry to generate
poly(propargyl acrylate), PA, colloidal particles surface functionalized with polystyrene,
PS. In effect, by grafting the PS to the surface of the PA particle pseudo core-shell
particles should be created. These PSPA particles are examined using dynamic light
scattering, DLS, and TEM to ascertain any changes in the particles morphology. The
pseudo core-shell PSPA particle, by itself may not be overly interesting system; however,
it does serve as a model for linking functional colloidal particles with end functional
polymers.
This thesis also examines the synthesis of methyl methacrylate based carbazole
and oxadiazole monomers and polymers for potential application in polymer based LEDs.
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Recently there has been much interest in polymer based LEDs for lighting applications
owing to their ease of fabrication and possible energy conservation benefits. The
carbazole and oxadiazole polymers, the hole and electron transporting components
respectively, must be able to withstand the rigors, primarily temperature, of being part of
an operational device. The work confirms the stability of the polymers at operating
temperatures through the measure of glass transition temperatures.
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CHAPTER 1:
INTRODUCTION

Advances in science have long come from the combination of new viewpoints on
a problem and novel synthetic methodologies. The work described herein seeks to utilize
two fairly new synthetic concepts, atom transfer radical polymerization (ATRP) and click
chemistry, in unison to design novel pseudo core-shell particles. The end goal of this
effort is to synthesize core-shell particles that will be suitable for application in polymeric
light emitting devices (LEDs).

Figure 1.1. Proposed application of pseudo core-shell particles
synthesized utilizing ATRP and click chemistry.

However, before the in depth details can be discussed a general knowledge of these
synthetic methodologies must be developed. Since its development in 1995[1], ATRP has
become an increasingly popular method for controlling polymeric features, including
molecular weights and polydispersities. ATRP is one in a line of controlled radical

polymerization (CRP)/ living polymerization methods. Living polymerization is a
mechanism which allows sequential addition of monomer(s) to an active site on a
previously activated monomer.[2] The “living” nature of the ATRP polymerization is due
to the activation/deactivation of the copper catalyst/ligand complex.

Figure 1.2. Schematic of activation/deactivation of Cu catalyst/ligand
complex in ATRP.

Additionally, due to the nature of the initiator, haloalkanes, and the “living” nature of the
polymerization, the subsequent polymers will possess terminal bromine functionality.
The benefit of this bromine functionality is that it can be substituted to an azide
functional group.[3,4] The azide functionality can then participate in a click reaction, in
particular a variant of the Husigen 1,3 dipolar cycloaddition, the copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) reaction.[5,6]

Figure 1.3. General scheme for the CuAAC reaction.
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A great benefit of the CuAAC reaction is that it can be carried out in both aqueous and
organic systems depending on the nature of the material to be modified.[5,7,8]
Combining this knowledge with the ability to synthesize monomeric transport
molecules,[9,10] it is possible to see the application of these synthetic methodologies in
designing ATRP synthesized transport polymers, which should improve upon the current
system being used, a polymer film doped with a small molecule).[9-12] The current system
is prone to phase segregation of the film and small molecule under operating conditions,
degrading performance steadily over time. A polymer containing both transport
components should inherently be more resistant to phase segregation. By truly utilizing
ATRP for what it is, a modular methodology to create novel polymer morphologies, it
will be possible to examine the effects of having a block copolymer versus a random
copolymer, and their subsequent influence and potential use in LED applications.
The work which follows will seek to develop a model system for the “grafting to”
technique of attaching polymers to the surface of a functional colloidal particle.
Additionally, work will be carried out to design monomeric transport molecules and later
polymerize said components. The polymers generated from these monomeric transport
molecules will be classified using electrooptical techniques to analyze their potential for
use as the polymeric thin film in an LED.
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CHAPTER 2:
SURFACE FUNCTIONALIZATION OF POLY(PROPARGYL
ACRYLATE) COLLOIDAL PARTICLES USING ATRP AND CLICK
CHEMISTRY

Introduction
Click chemistry has garnered a great deal of interest recently due to its
adaptability and ease in linking molecules, enabling the creation of novel structures. The
ease of use and mild nature of the reaction is in large part due to the application of the
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction.[5,6] A great benefit of
the CuAAC reaction is that it can be carried out in both aqueous and organic systems
depending on the nature of the material to be modified.[5,7,8]
The use of click chemistry in polymer science and materials synthesis has greatly
expanded as utilization of this reaction methodology allows for the linking polymers/
molecules that previously were unattainable, either due to incompatibility or extreme
reaction conditions.[8,13] In particular, modification of polymers synthesized by atom
transfer radical polymerization (ATRP) has come to the forefront since end group
functionality of said polymers can be introduced by using functional initiators[14,15] or a
post-polymerization end group transformation.[3,4] This flexibility in end group
functionalization of ATRP has allowed for the synthesis of block/ multi-block
copolymers[14-17] and macromonomers.[18,19] Additionally, end group functional polymers
can be used in a grafting to technique to create dendrimers.[20-23] While the combination
of click chemistry and ATRP seems to be natural, the use of click chemistry in materials
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modification is also applicable to other systems, such as clickable side chains[16], surface
modified fullerenes[24], and colloidal particles.[25]
Herein, we report the synthesis of a pseudo core-shell colloidal polymeric
nanoparticle using a combination of ATRP and click chemistry. Poly(propargyl acrylate)
colloidal particles are combined with an azide end functional polystyrene to generate the
pseudo core-shell nanoparticles. Analysis of the end functional polystyrene will
incorporate FTIR and 1H NMR spectroscopy, while analysis of the particles will entail
measurements utilizing DLS and TEM.

Scheme 2.1. Reaction scheme for polymer synthesis, modification, and particle functionalization.
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Experimental
Materials. Methyl 2-bromopropionate (MBP, 98%), copper (I) bromide (CuBr,
99.999%), 4,4’-dinonyl-2,2’-dipyridyl (Bpy, 97%), sodium azide (NaN3, 99.5%), N,Ndimethylformamide (DMF, 99.8%), sodium dodecyl sulfate (SDS, 99%), 3-allyloxy-2hydroxy-1-propanesulfonic acid (COPS-1, 40 wt% soln.), potassium persulfate (KPS,
99+%) were purchased from Aldrich and used as received. Alumina (basic, 60-325 mesh)
was purchased from Fisher Scientific and used as received. Styrene (Aldrich, 99%),
propargyl acrylate (PA, Aldrich, 98%), divinyl benzene (DVB, Aldrich, 80%) were
passed over alumina to remove inhibitor prior to use. Tetrahydrofuran (THF, HPLC
grade) and methanol (MeOH, Certified ACS) were purchased from Fisher Scientific and
processed through an Innovative Technologies Pure-Solv solvent purification system.
Methods. 1H NMR of polystyrene (PS) was collected on a JEOL Delta 2 300
MHz spectrometer. All chemical shifts are reported against TMS. Molecular weight of
the PS (2 mg/ml) was determined using GPC (THF at 1.0 ml/min), using a Waters 515
pump, four 7.8 x 300 mm Styragel columns (HR-2, 3, 4, 6) and a Waters 2414 refractive
index detector. Molecular weight reported is relative to narrow distribution PS standards
(MW = 2330 - 980,000). Infrared spectra were recorded at 4 cm-1 resolution on a Nicolet
560 FTIR spectrometer at a scan speed 64 s-1. Particle size was determined using a
Coulter N4Plus dynamic light scattering (DLS) analyzer. Transmission electron
micrographs (TEM) of the particles were obtained using a Hitachi H7600T transmission
electron microscope.
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Synthesis. Bromine end functional polystyrene (PS-Br) by ATRP (1) Clean
styrene (10 ml, 86.4 mmol), CuBr (0.16 g, 1.1 mmol), and Bpy (0.90 g, 2.2 mmol) were
added to a Schlenk tube and allowed to stir until the mixture became homogeneous;
followed by the addition of MBP (123 µl, 1.1 mmol). Upon addition of the initiator the
reaction mixture was subjected to three freeze-pump-thaw cycles and subsequently
backfilled with argon. The reaction mixture was then placed in an oil bath at 90oC for 6h.
The resulting polymer was dissolved in THF and precipitated into cold MeOH. The
precipitate was filtered and dissolved in dichloromethane; the solution was extracted with
ammonium hydroxide (10 %) and brine. The organic layer was then dried over
anhydrous sodium sulfate, and the solvent removed via rotary evaporation. The polymer
was finally dissolved in THF and precipitated again in cold MeOH yielding the clean PSBr.
Azide end functional polystyrene (PS-N3) (2) PS-Br (MN=9956, 7.32 g, 0.735
mmol) was added to a round bottom flask followed by the addition of NaN3 (95.6 mg,
1.47 mmol). DMF (40 ml) was added to the flask, and the reaction mixture was stirred at
room temperature for 3 h. The reaction mixture was precipitated in cold MeOH ,
yielding the clean PS-N3.
Poly (propargyl acrylate) colloidal particles (PA)[25] (3) Monodisperse propargyl
acrylate (PA) particles were synthesized via an emulsion polymerization method. A
standard emulsion setup was utilized in which 0.05 g of sodium dodecyl sulfate (SDS,
99% Aldrich) was added to 75 ml of deionized water; this solution was stirred at 250 rpm
at 83oC under a nitrogen purge for one hour. 10 ml propargyl acrylate (98% Aldrich) and
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1.8 ml divinyl benzene (DVB, 80% Aldrich) was passed over alumina basic, to remove
inhibitor, and added to the SDS solution dropwise. 0.393 ml of 3-alloxy-2-hydroxyl-1propanesulfonic acid sodium was added dropwise to the reaction mixture. The mixture
was stirred for 5 minutes followed by the addition of 0.1 g potassium persulfate (KPS,
99% Aldrich). The reaction was allowed to run until the particles showed a diameter of
ca. 100 nm, as indicated by a Coulter N4Plus dynamic light scatter (DLS). The resulting
particles were dialyzed against deionized water for one week.
Click functionalized PA particles (PSPA) (4) PS-N3 (1.5 g, 0.151 mmol), CuBr
(43 mg, 0.302 mmol), Bpy (0.247 g, 0.604 mmol) were added to a small tube followed by
the addition of THF (8 ml). The mixture was allowed to stir until homogeneous. PA
(550 µl), in suspension, was added to the tube. The reaction mixture was the sparged
with argon for 45 s, and then allowed to stir at room temperature for 24 h. The reaction
mixture was subsequently precipitated in cold MeOH, and the precipitate filtered. The
solid was dissolved in THF and cleaned via ultracentrifugation (5x, 15k RPM, 10oC).

Results and Discussion
Bromine end functional polystyrene (1) was synthesized via ATRP and
subsequently converted to the azide end functional polystyrene via a nucleophilic
substitution reaction.[3] The substitution of the azide for the bromine was confirmed via
FTIR and 1H NMR.
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Figure 2.1. FTIR spectra of Br and N3 terminated polystyrene.

The encircled area of the FTIR spectra in Figure 2.1 encompasses the area in which
traditional signals for azide stretching occur (2100-2270 cm-1). From Figure 2.1 it can be
seen that the PS, following substitution of the terminal bromine, has an azide stretching
band in its FTIR spectrum at ca. 2100 cm-1. The use of FTIR served as an initial
qualitative analysis of the end functionalized PS. The terminal azide functionality of the
PS was further quantified, using 1H NMR, by examining the shift of the methine proton
signal, from PS-Br to PS-N3, which can be seen in Figure 2.2.
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Figure 2.2. 1H NMR spectra (δ 3.0-5.0) of PS-Br (a) and PS-N3 (b).

The upfield shift of the methine proton from 4.35-4.60 ppm, for PS-Br, to 3.80-4.10 ppm,
for PS-N3, is in agreement with literature values for the substitution of a terminal bromine
with an azide.[26-29] In addition to the information gathered about the ω terminus of the
polymer chain, the α terminus functionality is shown via the three methyl ester protons
of the initiator (MBP, 3.35-3.55 ppm).[4,26,27] By combining the information gathered
about the terminal ends of the PS chain, it can be concluded that complete conversion of
the Br functionality, to the azide functionality, was attained. Upon confirmation of
successful substitution, via FTIR and 1H NMR, the azide end functional polystyrene was
then used in “click” functionalization reactions.
Following the emulsion polymerization and dialysis processes the PA colloidal
particles’ size was analyzed by DLS (H2O, 25oC) showing an average size of 93.8±5.5
nm. In order to facilitate measurement of the PSPA clicked particles, the DLS
measurements were carried out in THF at five different temperatures. Additionally, the
PA particles were also analyzed by DLS under the same conditions as the PSPA particles
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to make possible a comparison of pre and post-click particle sizes. The DLS
measurements can be seen in Table 2.1.
PA

PSPA

Temp (oC)

Size (nm)

STD

Size (nm)

STD

Diff. (nm)

10

90.20

13.80

113.30

11.00

23.10

15

81.80

17.60

109.60

11.40

27.80

20

89.00

11.80

115.90

12.30

26.90

25

91.90

8.20

118.50

9.00

26.60

30

74.50

5.10

117.40

11.90

42.90

Table 2.1. Particle sizes in THF, measured using DLS.

At all five temperature points a significant increase in average size has occurred, with an
overall average size increase of 29.46 nm. A graphical representation of the change in
particle size can be seen in Figure 2.3.
Particles Sizes in THF
140
130

Size (nm)

120
110
100
90
80
70

PA
PSPA

60
5

10

15

20

25

30

35

o

Temp. ( C)

Figure 2.3. Plot of DLS data for clicked and unclicked particles in THF at
various temperatures.
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Additionally, tests were conducted on the PA and PSPA particles in THF/ water solutions
at 25oC to examine changes in the particle sizes as a function of the solvent composition.
The data for these tests can be seen in Figure 2.4.
Relative Size vs. % Water
in THF/Water Mixture
100
PSPA
PA
y = 2.3509x + 58.1800
y = 1.6152x + 42.8867

90

Size

80
70
60
50
40
30
0

2

4

6

8

10

12

% Water

Figure 2.4. Plot of DLS data for clicked and unclicked particles in
THF/water mixture at 25oC

Both sets of data, for the clicked (PSPA) and unclicked (PA) particles, show an increase
in size as the percentage of water in the THF/ water mixture is increased. Interesting to
note, is the rate of increase of the two sets of particles with the rate of change for the
PSPA roughly 1.5 times greater than the rate of PA. Since both the “core” of the PSPA
and PA particles, themselves, are the same materials it can be inferred that the polymer
chains attached to the surface of the PSPA particles have created this difference in rates
of change for the two sets of particles. Beyond 10% water loading, in the THF/ water
mixture, aggregation of the PSPA particles begins, indicated by % Dust during DLS
measurement, limiting the extent to which data may reliably be obtained. No such
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problem exists with the PA particles as they are stable as an aqueous colloidal
suspension.
The DLS results indicate that the “click” functionalization of the PA particles
with PS-N3 was successful. In addition to the DLS data collected following the “click”
reaction of PA and PS-N3, TEM micrographs of the unaltered and clicked particles were
taken utilizing a negative staining technique to enhance particle contrast.[30]

Figure 2.5. TEM micrograph of PA.
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Figure 2.6. TEM micrograph of PSPA
(core measurement).

Figure 2.7. TEM micrograph of PSPA
(shell measurement).
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Average sizes, as shown in Figures 2.5, 6, 7, for the respective particles are 74.8±3.4 nm
(PA), 77.9±3.3 nm (PSPA core), and 95.0±4.2 nm (PSPA shell). As can be seen in the
individual micrographs, contrast between the particles and the background has been
increased by utilizing a negative staining technique. In addition to the increased contrast,
the staining shows “core-shell” morphology in the PSPA particles. However, these are
not “core-shell” particles in the strictest sense, as the shell actually consists of
polystyrene chains grafted to the PA core, forming more of a brush like surface
surrounding the core. This brush like structure may explain why the appearance of the
“shell” in the micrographs appears non uniform. Size discrepancies between the DLS
data and the data garnered from the TEM micrographs can be explained by swelling of
the particles and surface polymer chains while in a solvent. In particular, there should be
a greater fluctuation in the size of the PSPA particles as the surface polymer chains are
more sensitive to changes in the environment (i.e. in solvent vs dry), and the crosslinking
of the PA particles limits the swelling that can occur.
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Conclusions
Bromine end functional polystyrene was successfully synthesized via ATRP, and
subsequently modified to azide end functional polystyrene via a nucleophilic substitution.
This substitution was confirmed by both FTIR and 1H NMR analyses of the polymer
before and after azide substitution. Finally, the azide functional polystyrene was clicked
to poly(propargyl acrylate) colloidal particles. The successful click reaction of the azide
functionalized polystyrene was verified using both DLS and TEM to analyze the
subsequent particles. The results of this work provide a basic groundwork that describes
the synthesis and analysis of a “grafted to” colloidal core shell particle.
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CHAPTER 3:
MONOMER AND POLYMER SYNTHESIS FOR OLED
APPLICATIONS

Introduction
Recent studies of polymeric thin film OLEDs have centered around the use of
variously functionalized carbazole and oxadiazole molecules, in particular, N-vinyl
carbazole (NVK) and 2-(4-biphenyl)-5-(4-(tert-butyl)phenyl)-1,3,4-oxadiazole (PBD).[2528]

However, a significant shortcoming exists in the use of PBD in thin film polymeric

devices. PBD exists as a small molecule which possesses no readily polymerizable
functionality on the periphery of its structure. PBD is added to the poly vinyl carbazole
(PVK), post polymerization, to aid in the electron transport in the thin films.[12] In an
effort to remedy this issue, and also generate a monomeric oxadiazole, Jiang and Deng
synthesized oxadiazole moieties which contained polymerizable functionalities, in
particular vinylphenyl (styrene) groups.[9,10] To this end, Jiang and Deng were able to
generate monomers with the ability to generate copolymer systems, for thin film OLEDS,
which contained both the HT and ET components.
The monomers created during these syntheses have contained styrene or acrylate
functional groups.[9,10] In addition to the functionalized versions of the carbazole and
oxadiazole moieties, several other HT and ET molecules have been utilized as monomers.
Functionalized triaryl amines and fluorenes have been used in place of carbazole as the
HT monomer,[31-34] while functionalized triazines and thiadiazoles have been used in
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place of oxadiazole as the ET monomer.[31,34] Depending on the functionality associated
with each monomer, likelihood of efficient copolymerization, it is also possible to create
systems that vary from the traditional carbazole/ oxadiazole mixtures, e.g. triaryl amine/
oxadiazole.[32,33]
Since its development in 1995[1], atom transfer radical (ATRP) has become an
increasingly popular method for controlling polymeric features, including molecular
weights and polydispersities. ATRP is one in a line of controlled radical polymerization
(CRP)/ living polymerization methods. Living polymerization is a mechanism which
allows sequential addition of monomer(s) to an active site on a previously activated
monomer.[2] One benefit of using ATRP as opposed to other living polymerizations is the
ability to polymerize a wide range of vinyl functional monomers by a simple altering of
the initiator and catalyst systems.[1,35] Once the monomer has been chosen for
polymerization the selection of initiator[35,36], and catalyst[37,38] exist as the most important
steps, as the chemical equilibria determine the effectiveness of a given polymerization.[3538]

Structure and composition of the polymers is an important facet that incorporates
the polymerization, but more importantly preliminary method design. The preliminary
design is important since performance issues can arise due to composition, e.g. a random
copolymer versus a block copolymer.[10,33,35] The types of monomers used can also affect
the performance within a given structure.[10] In addition, polymers consisting of various
structures can also posses various physical and chemical attributes.[1,35] The work herein
will focus upon the synthesis of both carbazole and oxadiazole monomers, in particular
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methacrylate functionalized monomers; additionally the synthesis of poly- carbazoles and
oxadiazoles, both homo- and copolymers, will be covered. Success of the syntheses will
be judged by utilizing 1H NMR to examine the structure of the created compounds.

Experimental
Materials. Methyl 2-bromopropionate (MBP, 98%), copper (I) bromide (CuBr,
99.999%), 4,4’-dinonyl-2,2’-dipyridyl (Bpy, 97%), triethylamine, 9H-carbazole-9-ethanol
(95%), 4-methoxybenzonitrile (99%), sodium azide (99.5%), ammonium chloride
(99.5%), 4-tert-butylbenzoylchloride (98%), pyridine (99%), boron tribromide (99%),
methacryloyl chloride (97%), 4- vinylbenzyl chloride (90%), N,N-dimethylformamide
(99.8%), dichloromethane (Certified ACS), azobisisobutyronitrile (98%). Tetrahydrofuran
(THF, HPLC grade) and methanol (MeOH, Certified ACS) were purchased from Fisher
Scientific and processed through an Innovative Technologies Pure-Solv solvent
purification system.
Methods. 1H NMR was collected on a JEOL Delta 2 300 MHz spectrometer. All
chemical shifts are reported against TMS. Molecular weight of the polymers (2 mg/ml)
was determined using GPC (THF at 1.0 ml/min), using a Waters 515 pump, four 7.8 x
300 mm Styragel columns (HR-2, 3, 4, 6) and a Waters 2414 refractive index detector.
Molecular weight reported is relative to narrow distribution PS standards (MW = 2330 980,000). Infrared spectra were recorded at 4 cm-1 resolution on a Nicolet 560 FTIR
spectrometer at a scan speed 64 s-1.
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Scheme 3.1. Reaction scheme for MMAK synthesis.

Monomer Synthesis. 2-(9H-carbazol-9-yl)ethyl methacrylate (MMAK) 9Hcarbazole-9-ethanol (15g, 71 mmol) was dissolved in dichloromethane (50ml).
Triethylamine (12.4ml, 89 mmol) was added and the reaction mixture allowed to stir in
an ice bath for 30 minutes. Methacryloyl chloride (8.7ml, 89 mmol) was slowly added to
the reaction mixture over a period of 10 minutes. Afterwards, the ice bath was removed
and the reaction mixture was allowed to stir at room temperature for 2h. The mixture
was then washed with water and brine; the organic layer was dried over anhydrous
sodium sulfate, filtered, and the solvent removed with rotary evaporation. The product
was precipitated from methanol 3 times, and finally dried in a vacuum oven at 60oC.
Yield: 17.8g (90%)
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Scheme 3.2. Reaction scheme for MMAO synthesis.

3-(4-methoxyphenyl)-1H-tetrazole 4-methoxybenzonitrile (20.0 g, 150 mmol),
sodium azide (14.65 g, 225 mmol), and ammonium chloride (12.04 g, 225 mmol) was
dissolved in 150mL of N,N-dimethylformamide and heated at 100oC with stirring for at
least 24 h. The reaction mixture was allowed to cool to room temperature and precipitated
in 1200mL of DI water, and filtered. The filtrate was collected, precipitated in DI water 34 times and dried in a vacuum oven at 70oC. Conversion of the nitrile to the tetrazole was
confirmed by the disappearance of the nitrile stretch at 2250cm-1. Yield: 22.3g (85%).
2-(4-tert-Butylphenyl)-5-(4-methoxyphenyl)-1,3,4-oxadiazole To a solution of 3(4-methoxyphenyl)-1H-tetrazole (16.2 g, 92 mmol) in pyridine (150 mL), 4-tertbutylbenzoyl chloride (19.9 mL, 102 mmol) was added and the reaction mixture was
refluxed (115oC) for 2 h under nitrogen. 300 mL of water was added to the cooled mixture
to precipitate the product. The precipitate was filtered, and subsequently precipitated in DI
water 3-4 times and dried in a vacuum oven at 70oC. Yield: 28.31 g (99%).
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4-(5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)phenol 2-(4-tert-butylphenyl)-5-(4methoxyphenyl)-1,3,4-oxadiazole (20.0 g, 65 mmol) was solvated in dichloromethane
(200 mL) and sparged with nitrogen at room temperature. Boron tribromide (30.6 mL, 324
mmol) was added to the solution using a syringe. The reaction mixture was stirred under
nitrogen for 24h. The product was precipitated in 1500mL water. The precipitate was
filtered, and subsequently precipitated in DI water 3-4 times and dried in a vacuum oven at
70o C. Yield: 17.34g (97%).
4-(5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)phenyl methacrylate (MMAO) 4-(5(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)phenol (10 g, 34 mmol) was dissolved in
dichloromethane (50mL). Triethylamine (6.00 ml, 42.5 mmol) was added and the reaction
mixture was allowed to stir in an ice bath for 30 min. Methacryloyl chloride (4.15 ml, 42.5
mmol) was slowly added over a period of 10 minutes. Afterwards, the ice bath was
removed and the mixture was allowed to stir at room temperature for 2 h. The reaction
mixture was then washed with water and brine and the organic phase was dried over
anhydrous sodium sulfate. The organic layer was then filtered and dried under reverse
pressure onto silica. The resulting off-white solid was then purified using flash column
chromatography (10:1, hexanes/ethyl acetate). Yield: 10.47 g (85%).
Polymer Synthesis. Polymerizations, homo- and copolymers, were carried out
using two separate methods: free radical polymerization and ATRP. Free radical
polymerizations were carried out with stirring in test tubes sealed with rubber septa and
immersed in an oil bath at 50-60oC. Typically, 2g of monomer and 2mg AIBN diluted to
500mg/mL in dry, HPLC grade THF was used in each polymerization. For the copolymers
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synthesized in this study, the amount of each monomer used was based on the desired
mass ratio of the final product. Reaction mixtures were sparged with nitrogen for ca. one
minute prior to heating to remove oxygen from the reaction vessel. Most polymerizations
were allowed to proceed until the reaction mixture appeared quite viscous, which typically
took 48 hours. After the desired reaction time, the contents of the vials were allowed to
cool to room temperature, diluted with an additional 3-5 ml of THF to reduce viscosity,
and precipitated into cold methanol 3-5 times to remove any unreacted monomers (as seen
by 1H NMR spectroscopy). The polymers were then allowed to dry overnight at 60oC in a
vacuum oven before characterization.

Scheme 3.3. Synthetic routes for polymerization of MMAK.

ATRP polymerizations were carried out in Schlenk tubes, backfilled with argon,
with stirring at 90oC. Typically, molar ratios for the reaction were on the order of
[50]:[1]:[1] for monomer : Cu catalyst : initiator, with 2-5g of monomer diluted to a
concentration of 750mg/ml with anhydrous anisole. Following addition of the three
components of the reaction mixture (monomer, Cu/ligand, initiator) to the anisole, the
mixture was carried through three freeze-pump-thaw cycles to remove oxygen from the
system and then
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Scheme 3.4. Synthetic routes for polymerization of MMAO.

backfilled with argon. The polymerizations were allowed to proceed until the reaction
mixture became viscous, typically 24-48 hrs. Upon completion of the polymerization the
mixture was precipitated in cold hexane, yielding a green solid which was then filtered.
The filtrate was dissolved in dichloromethane and washed with a 10% solution of
ammonium hydroxide and the brine, to remove the complexed Cu catalyst. After drying
the organic layer over anhydrous sodium sulfate and filtering, the solvent was removed
via rotary evaporation. The resulting solid was dissolved in 3-5 ml of THF and
precipitated into cold methanol 3-5 times to remove any unreacted monomers. The
polymers were then allowed to dry overnight at 60oC in a vacuum oven before
characterization.
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Results and Discussion
Methacrylate functionalized variants of carbazole and oxadiazole were synthesized
following the routes outlined in Schemes 3.1 and 3.2. The successful synthesis of the two
monomers, MMAK and MMAO, were verified via 1H NMR, which can be seen in
Figures 3.1 and 3.2.

Figure 3.1. 1H NMR spectrum of MMAK.

The signal(s) for the aromatic protons of MMAK can be seen in the range of 7.20-8.20
ppm with total integrated values of ~8. The protons associated with the ethyl- carbazole/
ester linkage can be seen from 4.53-4.63 ppm with an integrated area of 4. The protons
associated with the methacrylate functionality can be seen at 5.48 and 5.93 ppm (ethylene
bond), and 1.80 ppm (methyl protons), with respective integrated values of 1,1, and 3.
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Figure 3.2. 1H NMR spectrum of MMAO.

Much like the spectrum for MMAK, the spectrum for MMAO contains aromatic protons
in the range of 7.20-8.25 ppm, integrated to ~8. However, the protons associated with the
t-butyl group can be seen at 1.36 ppm with an integrated value of 9. The methacrylate
protons of the ethylene bond can be seen at 5.80 and 6.38 ppm, and the methyl protons at
2.07 ppm, with integrated values of 1, 1, and 3 respectively.
The protons unique to each monomer, ethyl- carbazole/ester protons for MMAK
and t-butyl protons for MMAO, will prove to be useful in quantifying ratios of
MMAK:MMAO in copolymers by calculating the percentage of the lesser component in
the system. The following equation can be used to calculate the compositional ratios.

%Composition =

100
theoretical
1+
observed

The 1H NMR spectra for homopolymers of each monomer type can be seen in Figures
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3.3 and 3.4, while spectra for 50:50 and 80:20 (MMAK:MMAO) copolymers can be seen

in Figures 3.5 and 3.6.

Figure 3.3. 1H NMR spectrum of PMMAK.

Figure 3.4. 1H NMR spectrum of PMMAO.
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Figure 3.5. 1H NMR spectrum of CMMAKMMAO (50:50).

Figure 3.6. 1H NMR spectrum of CMMAKMMAO (80:20).

In order to make use of the calculation of % composition, the values of integration for the
unique areas of each monomer spectrum, 4 for MMAK and 9 for MMAO, must be used
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as the “theoretical” value in the calculation. It is important to realize that when
normalizing the areas on the NMR spectra that one of the unique areas must be set to its
theoretical value in order to measure the abundance of the other component of the
system. When the values of the integrations for Figures 3.5 and 3.6 are plugged into the
composition equation, ratios of 49.37:50.63 and 76.99:23.01 are calculated. The molar
ratios, of the monomers, used to generate the subsequent polymers were 50:50 and 80:20.
The molecular weights for the polymers generated both by free radical polymerization
and ATRP, can be seen in Table 3.1.
Polymer

MW (g/mol)

PMMAK
(100:0)

173788
(27657)

PMMAO
(0:100)

130421
(21316)

CMMAKMMAO (50:50)

94847
(45260)

CMMAKMMAO (80:20)

188965
(48315)

Table 3.1. Molecular weight data for synthesized
polymers. ATRP synthesized polymers in ( ).

The molecular weight of the polymers proved important as polymers below MW = 50,000
were poorly suited for solution spin casting of thin films for electrooptical analysis. Due
to this small caveat, only free radical synthesized polymers will be utilized in the
electrooptical analysis of the polymer thin films.
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Conclusions

Methacrylate functionalized carbazole and oxadiazole monomers were
successfully synthesized, which was verified utilizing 1H NMR of the respective
monomer species. It has also been shown that the designed monomers can be
successfully polymerized as both homo- and copolymers. 1H NMR was once again used
to analyze and verify the polymers synthesized. An additional benefit to the use of 1H
NMR in the analysis of these polymers is the ability to quantify the ratios of the
components in the copolymer systems. This final component ratio, when compared to
the monomer feed ratio allows for the tailoring of copolymer compositions, due to the
nearly equivalent composition ratios before and after polymerization.
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CHAPTER 4:
ELECTROOPTICAL CHARACTERIZATION OF POLY(METHYL
METHACRYLATE) BASED RANDOM COPOLYMERS
CONTAINING CARBAZOLE AND OXADIAZOLE PENDANT
GROUPS

Introduction

Organic LEDs have garnered a great deal of attention in the research community in
the past few decades,[39,40] as such systems offer several advantages to inorganic LEDs
such as easier and less expensive fabrication. Furthermore, several examples exist of
OLEDs that are both brighter and more efficient than conventional incandescent
lighting.[41,42] Small molecule OLEDs, which were first reported in the late 1980’s,[43] can
be quite complex to fabricate however, due to the need for multiple vacuum deposition
steps. In 1990, Burroughes et al. reported the electroluminescence of a conjugated
polymer device,[44] which was soon confirmed by Braun and Heeger.[45] Polymeric LEDs,
which have been the subject of a great deal of research since the reports of Burroughes and
Heeger,[42] offer the advantage of being easier to fabricate, as conjugated polymers or
polymer-small molecule blends can be simply spun cast onto a transparent anode followed
by deposition of a cathode. A well-researched device architecture is the hole transporting
polymer, poly(9-vinylcarbazole) (PVK), blended with an electron-transporting molecule
such as 2-(4-tert-Butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD) and a fluorescent
or phosphorescent dye.[46-50] This system is attractive because dye molecules can be doped
to give a specific color provided there is overlap of the polymer electroluminescence and
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the dye absorption. Degraded device performance can occur with such a device due to the
non-uniform distribution of the electron transport molecule due to phase separation and
crystallization, which is known to occur during spin-coating of polymer films doped with
large concentrations of small molecules.[47, 51-53] Recently it was suggested that
copolymers containing both carbazole and oxadiazole groups could be used to stop phase
separation.[9] The higher Tg of the copolymer as compared to the homopolymer small
molecule blend should also improve the stability and lifetime of the device. The
copolymer suggested by Jiang et al. was synthesized from a mixture of 9-vinylcarbazole
and an oxadiazole functionalized with a styrene so as to facilitate polymerization at the CC double bond. In this paper, we report the synthesis of carbazole-oxadiazole copolymers
with a methyl methacrylate backbone. While both methacrylate based carbazole (poly(2(9H-carbazol-9-yl)ethyl methacrylate), PMMAK) and oxadiazole (poly(4-(5-(4-tertbutylphenyl)-1,3,4-oxadiazol-2-yl)phenyl methacrylate), PMMAO) homopolymers have
previously been synthesized,[52, 54-56] we are unaware of any previous report of their
copolymers(CMMAKMMAO). Photo- and electroluminescent characterization of
copolymers containing various carbazole/oxadiazole ratios are also reported, and as will
be shown in the case of the carbazole homopolymer, the longer methacrylate linkage leads
to significantly different spectral properties than that of the vinyl linkage. Furthermore,
spectral properties of the copolymers are quite different from those reported by Jiang et
al.[57]
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Experimental
Materials. MMAK, MMAO, PMMAK, PMMAO, and CMMAKMMAO were

used as prepared in Chapter 2. Zinc (99.995%, 100 mesh), calcium (99.9%) were
purchased from Aldrich and used as received. Poly(9-vinylcarbazole) (PVK, Mw = 100K)
was purchased from Acros Organics and was recrystalized in methanol prior to use. 2propanol (70%), acetone (Certified ACS), methanol (MeOH, Certified ACS), hydrochloric
acid (37%), (THF, HPLC grade), and potassium hydroxide (85.0%) were purchased from
Fisher Scientific. Tetrahydrofuran and methanol were purchased from Fisher Scientific
and processed through an Innovative Technologies Pure-Solv solvent purification system.
Aluminum (99.99%) was purchased from Kurt J. Lesker Co. Unpolished ITO coated float
glass (8-12 •cm) was purchased from Delta Technologies.
Methods. Absorption spectra of the polymers (10 µg/mL in THF) were taken

using a Perkin Elmer Lambda 850 spectrophotometer. Elemental analysis of the polymers
was completed using a Perkin Elmer 2400 Series II CHNS/O analyzer. Photoluminescence
spectra were collected using a Jobin-Yvon Fluorolog 3-222 Tau spectrometer. Molecular
weights of the polymers (1mg/mL in THF) were determined by GPC(THF at 1.0 ml/min),
using a Waters 515 pump, four 7.8x300mm Styragel columns (HR- 2, 3, 4, 6) and a
Waters 2414 refractive index detector. Reported molecular weights are relative to narrow
distribution polystyrene standards (Mw = 2330 - 980,000). Polymer glass transition
temperatures (Tg) and monomer melting points (Tm) were measured using a TA
Instruments 2920 Differential Scanning Calorimeter calibrated with Indium. All samples
were scanned at a rate of 10oC/min and Tg was reported on the second scan. All device
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fabrication and performance testing was completed in an MBraun Unilab glovebox under
Argon atmosphere (O2 and H2O = 1ppm). Polymer films were spun cast onto substrates
using a Specialty Coating Systems G3-P8 spin coater. Cathode deposition was done in a
Denton 502 vacuum evaporation chamber. Polymer film thickness was measured using a
Tencor Instruments Alpha-step 200 profilometer. Current-voltage characteristics of the
devices were measured using a Keithley 228A current-voltage source and a Keithley 2001
digital multimeter. Electroluminescence spectra were obtained in inert atmosphere using a
Jobin-Yvon MicroHR spectrometer coupled to a Jobin-Yvon Synapse CCD detector.

Results and Discussion

For all copolymers synthesized in this work, component abundances were
determined by UV-visible and NMR spectroscopy as well as elemental analysis using a
CHN analyzer. As an example, the UV visible absorption spectra of CMMAKMMAO in
varying compositions as well as the corresponding homopolymers are shown in Figure
4.1.
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Figure 4.1. Absorption spectra of several mole compositions of CMMAKMMAO

Compositions were determined by comparing copolymer spectra to their corresponding
homopolymers after normalization using the baseline and the two isosbestic points at
324nm and 264nm (latter not shown in figure).[9,58] As can be seen in the figure, the
carbazole transition at 342nm is especially useful for determining carbazole mole fraction
as there is no appreciable oxadiazole absorption at this wavelength. In a similar manner
the mole fraction of the oxadiazole-containing monomer could be found using the
transition at 287nm. The mole fractions obtained from absorbance measurements were
found to agree with compositions obtained by NMR spectroscopy, which were found by
comparing the integrated signal of the tert-butyl protons on the oxadiazole groups (cf.
Scheme 3.2) to that of the protons adjacent to the carbazole ring structure (cf. Scheme
3.1). CHN elemental analysis was also used because the two monomers advantageously

contained significantly different mass percentages of carbon hydrogen, and nitrogen. Mole
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fractions of the carbazole monomer were found by comparing the mass percentage of
carbon in the copolymers to a calibration curve prepared using homopolymer blends of
varying compositions. The average carbazole-containing monomer mole fractions and
standard errors from the measurements obtained by the three techniques, as well as other
physical properties of the polymers synthesized in this work such as Mw and Tg are listed
in Table 4.1.
Polymer

χk

Mw (g/mol)

PDI

Tg (oC)

PMMAK

1

173788

3.0

140

PMMAO

0

130421

2.0

191

CMMAKMMAO

0.88±0.03

220150

2.5

149

0.78±0.01

188965

2.3

154

0.72±0.04

160149

2.0

154

0.67±0.03

405887

3.8

156

0.65±0.04

725201

8.8

156

0.50±0.03

94847

2.5

169

0.30±0.03

197504

2.4

175

Table 4.1. Physical properties of methacrylate based copolymers.

DSC data of the carbazole- and oxadiazole-containing homopolymers are also
shown in Table 4.1. The results, taken on the second heating cycle show that the glass
transition temperatures of PMMAK and PMMAO are 140oC and 191oC respectively. The
Tg of these polymers, as well as the resulting copolymers, are significantly lower than that
of PVK with a Tg upwards of 230oC depending on molecular weight.[59] While it may be
argued that the higher Tg of PVK-based devices may increase device performance, the
thermal stability of these copolymers is far superior to that of a polymer:small molecule
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blend.[9] Although the moderate operating temperatures of PLED devices may cause a
thermal gradient large enough to promote migration of the small molecule leading to a
lower device stability, the carbazole:oxadiazole distribution in the copolymer should
remain constant during device operation. The lower Tg of the methacrylate-based
copolymers may also be seen as beneficial when considering the processability of
polymers in large scale applications.
DSC data of the resultant polymers made from carbazole- and oxadiazolecontaining monomers reveal that they are indeed random copolymers, and not block
copolymers or mixtures of homopolymers, as each only displays one glass transition
temperature. A random dispersion of hole- and electron-transporting material is important
to the efficient operation of the PLEDs, due to the more balanced charge flow and thus
emission in the center of the film cross section. Figure 4.2 shows the relationship between
Tg and mass fraction of the carbazole group for the copolymers synthesized in this study.
200
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Tg = -53.8wC + 193
2
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mass fraction MMAK

Figure 4.2. Dependence of Tg on copolymer composition.
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The plot shows that the relationship is linear, which is often referred to as the Fox fit.[60]
Deviations in the linear Tg vs. mass fraction curve can be fitted to the phenomenological
Kwei equation,[61,62] These deviations indicate that some sort of intermolecular force, such
as hydrogen bonding, ion-dipole forces, and/or electron-donor-acceptor interactions
among polymer units are influencing the energy barrier required to mobilize the backbone.
Positive deviations in Tg were noted in the polymers synthesized by Jiang et al.[9] and
attributed to hydrogen bonding between the carbazole and oxadiazole groups. The lack of
deviation in our copolymers is an indication that there is no hydrogen bonding between
the carbazole and oxadiazole groups. More generally speaking, interactions between
similar pendant groups are apparently no stronger than interactions between dissimilar
pendant groups. This lack of ’ground-state’ interactions however does not imply that the
pendant groups will not interact during device operation. As will be shown later, exciplex
emission, i.e. the coupling between excited state molecules with the ground state of a
dissimilar molecule, is quite prevalent.
The added mobility of the carbazole ring on the methyl methacrylate backbone is
illustrated in Figure 4.3, in which the photoluminescence of vinyl- and methyl
methacrylate-carbazole monomer and polymer solutions are shown. All
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Figure 4.3. PL spectra of monomer solutions of vinylcarbazole (solid
line) and MMAK (dashed line) (A); and polymer solutions of PVK
(solid line) and PMMAK (dashed line) (B).

photoluminescence was performed at an excitation of 315nm, near the isosbestic point in
the absorption spectra (cf. Figure 4.1), such that all polymer films would have a similar
absorption cross section. Both polymers are of similar molecular weight, and all solutions
are in THF and of a similar concentration. In panel A, the PL spectra of monomer
solutions are compared. As would be expected, the change in functional group does not
affect the electronic structure of the carbazole ring. Both molecules have a λmax of 363nm
and a FWHM of 30nm. As can be seen in Figure 4.3B, the PL spectra of the polymer
solutions are quite different. While the spectrum of PMMAK is similar to the monomer
emission in spectral position, shape, and width, the spectrum of PVK exhibits significant
red tailing, indicative of excimer emission.[63] The longer linkage of the MMAK-based
polymer allows more mobility of the carbazole along the backbone leading to more
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disorder and non-interacting monomer emission. In contrast, the vinylcarbazole rings are
much less mobile and more prone to excimer formation. Comparison of the methacrylate
based oxadiazole monomer and polymer emission also showed complete spectral overlap
indicating no excimer formation in solution (spectra not shown).
Photoluminescence spectra of both solutions and films of methacrylate-based
polymers containing various ratios of carbazole and oxadiazole are shown in Figure 4.4.
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Figure 4.4. PL spectra of polymers in solution (solid line) and in solid film (dashed line) of varying
carbazole mole fractions: A) 1.00, B) 0.88, C) 0.78, D) 0.72 E) 0.50, F) 0.30, G) 0.00.

Films were prepared by spin coating (3000RPM) a polymer solution in chlorobenzene
(40mg/mL) onto a glass substrate that showed no appreciable emission at 315nm
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600

excitation. When comparing the PL spectra of polymer solutions (solid lines), it can be
seen that the copolymer spectra are simply the superposition of the carbazole (Fig. 4.4A)
and oxadiazole (Fig. 4.4G) homopolymer solutions. As the oxadiazole concentration is
increased, the main emission peak remains constant (365nm), but the overall emission
width increases due to the broader emission of the oxadiazole compared to the carbazole.
PL spectra of the polymer films reveal significant differences to those of the
corresponding solution PL spectra. Figure 4.4A shows the PL spectrum of a PMMAK
film, which exhibits several different features; a shoulder at ca. 360nm, a peak at 368nm, a
shoulder at ca. 385nm, and a shoulder at 500nm. The shortest wavelength shoulder is most
likely due to non-interacting monomer emission, followed by two types of intrachain
excimer fluorescence.[63-65] The lower energy transition(385nm) being that of the true
’sandwich type’ configuration while the higher energy transition (368nm) is due to a
partial overlap of neighboring carbazoles. Given the long linkage and thus flexibility of
the carbazole group, it seems likely that the partial overlap excimer would be more
prevalent as is seen in the PMMAK spectrum. PL spectra of PVK films typically show the
reverse of the PMMAK spectrum in that full ring overlap is more prevalent. The weak
emission at 500nm could possibly be due to excimer phosphorescence as was reported for
PVK both in solution and as a solid.[64] Emission from the oxadiazole homopolymer film
also appears to show some evidence of excimer formation, although the spectral
differences are much less dramatic. The slight shift and loss of spectral structure in the
film PL response as compared to the solution response would seem to indicate that while
there is slight overlap of the oxadiazole groups, full overlap is more than likely sterically
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hindered.
Emission of the copolymer films is also shown in Figure 4.4B-F. The spectrum of
each copolymer film contains a main emission peak at 394±2nm, with shoulders at ca.
350nm and 370nm. The shoulders are likely the result of carbazole monomer and excimer
emission respectively. Also buried in this spectral region is the PL response of the
oxadiazole monomer. The presence of oxadiazole emission is evident when comparing the
always present shoulders at 350 and 370 nm and the disappearing emission signature at ca.
500nm. The redshift of the main copolymer emission (394nm) with respect to the
homopolymers (368nm), as well as the composition independent position of the emission,
seem to indicate that the copolymer luminescence is dominated by exciplex emission, in
which an excited state molecule is complexed with a dissimilar molecule. The presence of
an exciplex peak in the PL spectrum of a copolymer film is additional proof that the
carbazole and oxadiazole molecules are randomly dispersed throughout the film.
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Figure 4.5. Photo- (dashed line) and Electroluminescence (solid line) spectra of polymers of varying
carbazole mole fractions: A) 1.00, B) 0.88, C) 0.78, D) 0.72, E) 0.50, F) 0.30.

Shown in Figure 4.5 is a comparison of polymer PL response (ex. 315nm) to the
EL response of a polymer device operating at 25-30V with a current density of
approximately 25mA/cm2. Apparent in the figure is that there are generally three features
in each EL spectrum with the highest energy EL response overlapping well with the PL
response. When comparing the PL and EL spectrum of PMMAK as shown in Figure 4.5,
it is evident that the application of a field seems to have an effect on the alignment of the
carbazole rings. The ratio of the 400nm emission to that of the 380nm emission is
somewhat larger in the EL emission as compared to that of the PL, indicating that under a
field, the ring structures are adopting a more aligned configuration. Panels B-F show the
responses for copolymer films, with the spectral position of the main EL peak at
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403±1nm. The slight redshift in the position of the EL response may be due to one of two
factors. Either there is better structural overlap of the carbazole and oxadiazole upon
application of a field leading to larger exciplex stability, or the polarization of the polymer
film under field may simply cause a small change in the local dielectric environment of
the emitter. When comparing the relative intensity of the 403nm EL peak with that of the
secondary peak(s) in the 500 - 600nm spectral range, it is clear that the intensity of the
longer wavelength emissions are proportional to the carbazole mole fraction. This
dependence would seem to suggest that the longer wavelength emissions are related to the
carbazole only, perhaps in the form of electromer emissions in the same configurations as
the carbazole excimers discussed earlier. These emissions, however, are minimal once the
copolymer contains a mole fraction of oxadiazole greater than 0.3.
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Figure 4.6. Voltage dependent electroluminescence spectra of polymers of varying carbazole mole
fractions: A) 1.00, B) 0.88, C) 0.78, D) 0.72, E) 0.50, F) 0.30.
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560

600

Figure 4.6 shows the voltage dependant electroluminescence of several

CMMAKMMAO copolymers as well as PMMAK. As the EL response of devices were
measured with slightly different geometries integration times, and slit widths, the EL
intensity values do not reflect an accurate comparison of the emission intensity of different
polymers and should only be used to compare the relative peak heights among individual
polymers. From the spectra it is apparent that there is no voltage dependence on the
spectral position of the main exciplex emission. There does however seem to be a field
dependence on the ratio of exciplex to electromer emission. As voltage is increased, the
electromer emission seems to increase faster than the exciplex emission. This seems
reasonable when considering that an increasing field will increase charge injection and
thus the probability that two excited-state carbazoles can interact. The emergence of the
ca. 500nm emission at higher fields may actually serve to increase the efficiency of
devices in which a red fluorescent dye has been doped as the electromer emission will be
near the dye absorption. In panels D-F, it is apparent that the EL response of the
copolymer films is quite similar. This may prove advantageous in dye-doped devices in
that control over the carbazole-oxadiazole ratio may be less critical than in polymer-small
molecule blend devices.
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Conclusions

In conclusion, the synthesis of copolymers containing methacrylate-functionalized
carbazole and oxadiazole monomers has been demonstrated. These polymers show a high
glass transition temperature that makes them suitable for use in polymer LED devices.
Spectroscopic characterization shows that emission from the copolymers is derived mainly
from the exciplex emission of the coupled carbazole and oxadiazole pendants.
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CHAPTER 5:
SUMMARY AND FUTURE WORK

It has been shown that polymer grafting to the surface of a colloidal particle is
possible using appropriately modified polymers and surfaces. By utilizing ATRP in
conjunction with “click” chemistry, in particular the CuAAC reaction, it is possible to
generate specifically tailored, highly complex systems, in a few efficient synthetic steps.
In addition, to the successful work aimed at creating pseudo core-shell colloidal particles;
successful synthetic work was carried out designing methacrylate based monomers and
polymers. The methacrylate based monomers and polymers proved suitable for potential
use as transport materials in polymer based LEDs. Clearly there is ample ground to cover
in which these two research thrusts can be combined to generate some truly novel
macromolecules.

Figure 5.1. Scheme for combination of Pa core-shell research and
LED useable polymer research.
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Figure 5.1 shows a conceptualization of the potential for combining the ability to

functionalize colloidal PA particles using those polymers generated for application in
polymer based LEDs. It is not a great stretch to imagine the modification of hole- and
electron transport polymers, synthesized using ATRP, to azide end functional polymers,
which can in turn be clicked to the PA particle surface; much like polystyrene was in
Chapter 1. Additionally, due to the interesting polymer morphologies that can be
generated utilizing ATRP, block and multi-block copolymers, could be generated
allowing for different appearances of the “shell” of these pseudo core-shell particles. In
the end these unique structures may themselves prove valuable in the design of polymer
based LEDs.
Another aspect of this research is the ability to modify methods currently in use in
our research group such as that presented by Evanoff et al. In theory it should be possible
to physically tether colloidal particles in an array (Figure 5.2) as opposed to entangling
them in a polymer matrix as seen in PCCAs and hydrogel stabilized CCAs.

Figure 5.2. Physically tethered colloidal particles.
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Obviously to carry this process out would entail the design and synthesis of a bifunctional
polymer chain, which could be modified to be azide end terminated. Reaction of this
polymer with the alkyne groups of the PA particle surface it would then be possible to
tether PA particles to one another. By doing this it would be possible to generate PCCAs
with less susceptibility to mechanical deformation. Both of the aforementioned situations
offer promise for future research in this field.
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